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The farnesyltransferase inhibitor L-744,832 selectively blocks the transformed phenotype of cultured cells
expressing a mutated H-ras gene and induces dramatic regression of mammary and salivary carcinomas in
mouse mammary tumor virus (MMTV)-v-Ha-ras transgenic mice. To better understand how the farnesyltrans-
ferase inhibitors might be used in the treatment of human tumors, we have further explored the mechanisms
by which L-744,832 induces tumor regression in a variety of transgenic mouse tumor models. We assessed
whether 1.-744,832 induces apoptosis or alterations in cell cycle distribution and found that the tumor regres-
sion in MMTV-v-Ha-ras mice could be attributed entirely to elevation of apoptosis levels. In contrast, treat-
ment with doxorubicin, which induces apoptosis in many tumor types, had a minimal effect on apoptosis in
these tumors and resulted in a less dramatic tumor response. To determine whether functional p53 is required
for L-744,832-induced apoptosis and the resultant tumor regression, MMTV-v-Ha-ras mice were interbred
with p53~/~ mice. Tumors in ras/p53~'~ mice treated with L-744,832 regressed as efficiently as MMTV-v-Ha-
ras tumors, although this response was found to be mediated by both the induction of apoptosis and an increase
in G, with a corresponding decrease in the S-phase fraction. MMTV-v-Ha-ras mice were also interbred with
MMTV-c-myc mice to determine whether ras/myc tumors, which possess high levels of spontaneous apoptosis,
have the potential to regress through a further increase in apoptosis levels. The ras/myc tumors were found to
respond nearly as efficiently to L-744,832 treatment as the MMTV-v-Ha-ras tumors, although no induction of
apoptosis was observed. Rather, the tumor regression in the ras/myc mice was found to be mediated by a large
reduction in the S-phase fraction. In contrast, treatment of transgenic mice harboring an activated MMTV-
c-neu gene did not result in tumor regression. These results demonstrate that a farnesyltransferase inhibitor
can induce regression of v-Ha-ras-bearing tumors by multiple mechanisms, including the activation of a
suppressed apoptotic pathway, which is largely pS3 independent, or by cell cycle alterations, depending upon
the presence of various other oncogenic genetic alterations.

Mutationally activated ras genes are the oncogenes most
frequently found in human tumors (2). They have been iden-
tified in approximately 30% of all human cancers and are
particularly prevalent in human pancreatic and colon carcino-
mas (90 and 50%, respectively) (5, 6). The Ras proteins, H-
Ras, N-Ras, K-Ras4B, and K-ras4A, are low-molecular-weight
GTP-binding proteins that function in the transduction of
growth-proliferative signals from the membrane to the nucleus
(2). Cycling of Ras between the active, GTP-bound and inac-
tive, GDP-bound forms is accomplished by the proteins’ intrin-
sic GTPase activity and a number of accessory proteins. Mu-
tations in ras that impair the GTPase activity result in
constitutively active forms of the proteins.
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Localization of the Ras proteins to the inner surface of the
cell membrane is essential for their function (17, 23, 28, 55)
and occurs following a series of posttranslational modifications
(58). The first and obligatory step in this series is the addition
of a 15-carbon isoprenoid, farnesyl, to the cysteine residue 4
amino acids from the C terminus of the protein, a reaction
mediated by the enzyme farnesyl-protein transferase (FPTase).
Subsequent to farnesylation, the three C-terminal amino acids
are proteolytically cleaved and the now C-terminal cysteine is
methylated. In H-Ras, N-Ras, and K-Ras4A, but not K-Ras4B,
a palmitate is added to one or more upstream cysteine resi-
dues. Based on the demonstration that farnesylation is re-
quired for the transforming activity of oncogenic Ras, much
effort has been directed toward the development of inhibitors
of FPTase for use in the treatment of human cancer (14, 16).

Many strategies have been used to develop FPTase inhibi-
tors (FTIs), including screening of natural products and ratio-
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nal design based upon the substrates of the farnesylation re-
action. We and others have developed potent, cell-active
inhibitors that are mimetics of the Ras CAAX motif (14, 16),
the Ras C-terminal tetrapeptide that is the minimal protein
substrate required for interaction with the enzyme (46, 47). As
a class, these compounds are potent, nonsubstrate inhibitors of
FPTase and are highly selective with respect to the related
prenyltransferase geranylgeranyl-protein transferase type I.
The CAAX peptidomimetics have been shown to inhibit the
anchorage-dependent (25, 48) and anchorage-independent (7,
30-32, 42, 48) growth of Ras-transformed fibroblasts and hu-
man tumor cell lines. Additionally, these compounds cause the
transformed morphology of cells in culture to revert (7, 24, 45).
In vivo, the peptidomimetics block the growth of both trans-
formed fibroblasts and human tumor cell lines in a nude mouse
xenograft model (32, 42, 51).

We have recently demonstrated that daily treatment with
L-744,832, a potent, cell-active FTI, causes dramatic regression
of mammary and salivary tumors in mouse mammary tumor
virus (MMTV)-v-Ha-ras transgenic mice (31). Although the
mechanism of tumor response was not explored, the rapid
regression was suggestive of a significant elevation in apopto-
sis. Ras activation has been found to be associated with de-
creased cellular susceptibility to apoptosis in a variety of in
vitro and in vivo contexts (1, 21, 27, 35, 44), and the inhibition
of Ras activity has been shown to reactivate the apoptotic
response (1, 3, 34).

One important determinant of tumor cell apoptosis is the
p53 tumor suppressor protein, a crucial component of the G,
cell cycle checkpoint. In response to DNA damage or certain
cell cycle perturbations, p53 can induce either growth arrest in
the G, phase of the cell cycle or apoptosis (57). pS3 has been
shown to play a critical role in the apoptotic response of cancer
cells to a variety of DNA-damaging agents, and functional
inactivation of p53 can therefore lead to resistance to these
agents (12, 36, 37). However, it should be noted that the extent
to which DNA damage-induced apoptosis is p53 dependent
can vary with the cellular context (39, 43, 50).

It remains unclear whether the apoptosis induced in re-
sponse to Ras inactivation is p53 dependent. Since mutation of
p53 is the most frequently observed genetic alteration in hu-
man cancer (20), it is of considerable clinical relevance to
determine the mechanism by which tumors regress in response
to FTIs and to determine whether FTIs will be efficacious
against tumors lacking functional p53. It is similarly important
to determine whether FTIs will be effective in tumors already
possessing high spontaneous apoptosis rates, such as those
overexpressing the c-myc oncogene in addition to activated ras
(21). Answers to these questions may be important in defining
the range of human tumors in which these agents will be
efficacious. We therefore tested the effect of 1.-744,832 on the
kinetics of tumor growth and on apoptosis and cell cycle
changes in mice harboring the MMTV-v-Ha-ras transgene to-
gether with a homozygous mutation of the gene for the tumor
suppressor p53 (9, 22) or a deregulated c-myc gene (21, 49).
Treatment with L-744,832 caused tumor regression in both of
the doubly transgenic strains. Furthermore, the mechanism of
regression involved either an increase in the level of apoptosis
or a change in cell cycle characteristics, or both, depending on
the genetic alterations present in the tumor.

MATERIALS AND METHODS

Animals. MMTV-v-Ha-ras, MMTV—c-neu, and MMTV—c-myc mice in an
inbred FVB genetic background were purchased from Charles River Laborato-
ries. These mice contain a mutationally activated H-ras or c-neu gene or a wild
type c-myc gene, respectively, under the control of the MMTV promoter-en-
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hancer (41, 49). TSG-p53 transgenic mice (9), containing a homozygous muta-
tion in the p53 tumor suppressor gene, were purchased from GenPharm Inter-
national and maintained in a hybrid CB6F1 genetic background (C57BL6 X
BALBY/c). Therefore, the mice used in some of the studies were in an inbred
background (FVB; ras/myc and c-neu mice used to generate the data in Fig. 3 and
Table 3), while mice in a genetically mixed background (FVB X BALB/c X
C57BL6) were used in all other studies. All animals were maintained in accor-
dance with the National Institutes of Health Guide for the Care and Use of
Laboratory Animals (42a), and experimental protocols were reviewed by the
Merck and University of Texas Health Science Center at San Antonio Animal
Care and Use Committees.

Female MMTV-v-Ha-ras mice were mated with male MMTV—c-myc mice.
Offspring carrying both transgenes were identified by PCR analysis of tail DNA.
Primers used for the detection of the MMTV-v-Ha-ras transgene were 5'-CAG
GGACCAGCAAGACATC-3' (5’ sense primer) and 5'-CCCTGAACCACGC
ATCAAC-3' (3’ antisense primer). Those used for detection of the c-myc trans-
gene were 5'-GGTGATAGTCCCTTCACATC-3' (5" sense primer) and 5'-GT
GCCACCTGACGTCTAAGA-3' (3’ antisense primer). All four primers were
added at a concentration of 100 wM each to a standard PCR mixture containing
5% deionized formamide. Following initial denaturation at 99°C, reactions were
run for 30 cycles of 58°C for 0.5 min, 72°C for 1 min, and 94°C for 0.5 min.

Crosses between MMTV-v-Ha-ras and TSG-p53 mice and analysis of the
offspring were carried out as previously described (22). Briefly, offspring of the
various genotypes were generated as littermates from common matings so that
all ras/p53 animals in the study were of a mixed genetic background derived from
FVB, C57BL6, and BALB/c mice. Offspring were screened by PCR analysis of
tail DNA for their ras and p53 status.

Treatment of animals. Animals were examined twice weekly for the presence
of tumors and were placed on study when they developed one or more tumors,
the largest having a volume of 50 to 450 mm?>. For evaluation of tumor growth
kinetics, tumor-bearing mice were randomly assigned to either a vehicle control
or an L-744,832 treatment group. L-744,832, dissolved as previously described
(31) in an aqueous solution containing NaCl to adjust the osmolarity and sodium
citrate to adjust the pH, was administered subcutaneously at 40 mg kg™~ ' once
daily for at least 14 days. For measurement of apoptosis and cell cycle parame-
ters, animals were treated subcutaneously with 1.-744,832 at 40 mg kg™ ' once
daily for 2 days and sacrificed 24 h after the second dose. Alternatively, animals
were treated with a single intraperitoneal administration of doxorubicin at 10 mg
kg~ ! and sacrificed 48 h later.

Data analysis. Tumor growth was monitored by caliper measurements done
two to seven times weekly (see individual figure legends), and the data were
analyzed as described previously (8, 31). Tumor volume was calculated according
to the formula (W? X L)/2, where W (width) and L (length) are in millimeters
and L = W. The area under the curve was calculated according to the formula
[(vol; + vol,)/2] X (day, — day,). The mean growth rate (MGR) was calculated
according to the formula {(sum AUC) — [vol; X (day, — day,)]}/(day, — day,)?,
where AUC is the area under the curve.

Apoptosis analysis. Tumor samples were analyzed for the number of apoptotic
cells by the terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick
end-labeling (TUNEL) method as previously described (22). Positively stained
cells were evaluated by light microscopy. Positive cells within a 10- by 10-mm grid
in the eyepiece were counted in 10 X450 fields. The total number of cells per
field varied from 500 to 800. Percent apoptosis was calculated by assuming an
average of 670 cells/field.

Flow cytometry. Tumor samples were analyzed by propidium iodide staining
and flow cytometry with an EPICS ELITE flow cytometer (Coulter Cytometry,
Miami, Fla.) as previously described (22). Histograms were analyzed for cell
cycle compartment by using MultiCycle PLUS version 3.0 (Phoenix Flow Sys-
tems, San Diego, Calif.). At least 50,000 events were collected to maximize the
statistical validity of the compartmental analysis.

Statistical analysis. MGRs were compared between groups by using a two-
sided Student ¢ test or, when a group’s MGRs were not normally distributed, a
two-sided Wilcoxon rank sum test (19). Levels of apoptosis among the different
treatment groups for each genotype were compared by a one-way analysis of
variance on In counts. Comparisons to a treatment control were made by using
Dunnett’s test (10), and pairwise comparisons were made by using the Tukey-
Kramer multiple-comparison procedure (18). Flow cytometrically determined
proportions of cells in the different phases of the cell cycle were compared among
the different treatment groups by multivariate randomization analysis using step-
down rerandomization tests on rank-transformed data (54).

RESULTS

Induction of apoptosis by L-744,832. We have previously
demonstrated that 1-744,832 causes rapid regression of
MMTV-v-Ha-ras tumors (31). It was of interest to determine
whether the L-744,832-induced regression is mediated by ele-
vated apoptosis, since ras activation has been associated with
resistance to apoptosis (1, 21, 27, 35, 44). Tumor-bearing
MMTV-v-Ha-ras mice were therefore treated once daily for 2
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FIG. 1. Analysis of tumor apoptosis. Tumor cells undergoing apoptosis were
detected on formalin-fixed and paraffin-embedded tissue sections by the TUNEL
method (13). Shown are representative TUNEL-stained sections of a tumor from
an untreated ras/p53™/* mouse (A), a tumor from a ras/p53™/* mouse treated
with L-744,832 at 40 mg kg~ ' (B), and a tumor from a ras/pS3™*/" mouse treated
with doxorubicin at 10 mg kg~ ! (C).

untreated

days with 40 mg of L-744,832 kg ! and sacrificed 48 h after the
first injection, during the period of maximal tumor shrinkage
(see Fig. 2 and reference 31). Tumor tissue was taken at the
time of sacrifice, and levels of apoptosis were quantitated by
the TUNEL assay (13). As we have previously reported (21,
22), very low levels of spontaneous apoptosis were observed in
untreated MMTV-v-Ha-ras tumors (Fig. 1A and Table 1). In
contrast, 1.-744,832-treated tumors demonstrated markedly el-
evated apoptosis levels (Fig. 1B and Table 1).

Doxorubicin is a classic cytotoxic agent which is known to
efficiently induce apoptosis in a number of in vitro and in vivo
systems (37, 38). We have previously demonstrated that doxo-
rubicin at the maximum tolerated dose slowed the rate of
tumor growth in the MMTV-v-Ha-ras model but did not cause
tumor regression as did L-744,832 (31). To determine whether
less efficient induction of apoptosis is responsible for the less
dramatic tumor response to doxorubicin, tumor-bearing
MMTV-v-Ha-ras mice were sacrificed 48 h after a single treat-
ment with 10 mg of doxorubicin kg~ for TUNEL analysis of
tumor apoptosis. Surprisingly, only a very modest increase in
tumor apoptosis was seen in the MMTV-v-Ha-ras mice fol-
lowing treatment with doxorubicin (Fig. 1C and Table 1).
Comparably low apoptosis levels were observed when tumors
were analyzed 14 or 24 h following doxorubicin administration,

TABLE 1. Tumor apoptosis®

Mean % of cells undergoing apoptosis = SEM
Tumor type and (no. of tumors analyzed)

mouse genotype

Untreated L-744,832 Doxorubicin
Salivary
ras/p53*/* 028 £0.08(16) 45+10(5" 0.46 =0.16 (5)
ras/p53~/~ 0.32=0.05(23) 25=0.7(9)" ND¢
Mammary
MMTV-v-Ha-ras  0.12 = 0.02 (14) ND
ras/myc 1.6 £ 0.2 (15) 23 x£0.2(13)

“ Tumor-bearing mice were left untreated or treated with L-744,832 at 40 mg
kg~ ! once daily for 2 days or once with doxorubicin at 10 mg kg ! and sacrificed
48 h after the initial injection. Tumor cells undergoing apoptosis were detected
on formalin-fixed and paraffin-embedded sections by the TUNEL method (13).
Positively stained cells were evaluated by light microscopy and quantitated as
described in Materials and Methods.

? Statistically significantly different from the value for the corresponding un-
treated control (P < 0.01).

“ND, not done.

TABLE 2. Tumor cell cycle characteristics”
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Tumor type

Mean % of cells = SEM in:

and mouse Treat; No. of
ment tumors G, S Gy/M
genotype phase phase phase
Salivary
ras/pS3*t/* None 15 938+09 45x0.6 1.7*x03
L-744,832 4 954+18 34=*x14 12%05
Doxorubicin 6 978+03 11+02 1.1x04
ras/pS3~'~ None 18 848*=15 10514 4707
L-744,832 7 945+22 27*+08 27*14
Mammary
MMTV-v-Ha-ras None 8 963*+08 23x04 14=x006
ras/myc None 15 888+09 85x0.7 27*02
L-744,832 12 924+15 59+13 1.7+03

“ Mice were treated as described in Table 1, footnote a, and Materials and
Methods. G-, S-, and G,/M-phase fractions based on flow cytometry analysis of
propidium iodide-stained tumor cells are shown for salivary and mammary tu-
mors.

b 1.-744,832 was administered at 40 mg kg~ '/day, and doxorubicin was admin-
istered at 10 mg kg !

indicating that the peak of apoptotic activity was not simply
missed at 48 h (data not shown).

In addition to analysis of apoptosis, the DNA content of
tumor cells from MMTV-v-Ha-ras mice was analyzed by flow
cytometry to determine whether L-744,832 also alters the cell
cycle distribution of tumor cell populations. As previously
demonstrated (22), MMTV-v-Ha-ras tumors exhibit a rela-
tively high proportion of cells in G, and low S-phase values.
Following treatment with 1.-744,832, there was virtually no
effect on the cell cycle distribution of tumor cells (Table 2).
Thus, the rapid tumor reduction seen in ras mice following
L-744,832 treatment appears to be mediated through the acti-
vation of an apoptotic pathway and is not influenced by cell
cycle redistribution. In contrast, treatment with doxorubicin
nearly halts cell proliferation in ras/p53™/" tumors, as evi-
denced by a further increase in an already high G, value and a
near absence of cells in S phase (Table 2). Thus, in these
tumors doxorubicin inhibits tumor growth but fails to effec-
tively induce apoptosis, and thus, a reduction in tumor size is
not generally seen (31).

Tumor response to L-744,832 does not require p53. The
activity of a wide range of chemotherapeutic agents in many
cell types has been shown to be p53 dependent (53), and this
activity is frequently mediated by p53-dependent apoptosis (12,
36, 38). In light of the fact that MMTV-v-Ha-ras tumors re-
gress in response to L.-744,832 through the induction of apo-
ptosis, it was of interest to determine whether this response
was dependent upon the p53 status of the tumors. This issue is
of clinical relevance in beginning to define the types of tumors
which will respond to an FTI, since p53 is functionally inacti-
vated in approximately half of all human tumors (20). MMTV-
v-Ha-ras mice were therefore interbred with p53~/~ mice to
yield progeny that contain the MMTV-v-Ha-ras transgene but
have different p53 genotypes, i.e., ras/p53™/", ras/p53™/~, and
ras/p53~/~. Mice from each genotype were randomly assigned
to either a vehicle control group or a treatment group receiving
1.-744,832 at 40 mg kg~ '/day when they developed a palpable
tumor having a volume of 50 to 450 mm?. For animals having
multiple tumors at the onset of treatment, the largest tumor
was defined as the primary tumor. Consistent with previously
published data (22), ras/p53™'* and ras/p53™'~ mice developed
both mammary and salivary tumors, with the majority being
mammary in origin (17 primary mammary and 2 primary sal-
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FIG. 2. Tumor growth curves for MMTV-v-Ha-ras X p53~/~ mice. Mice with the indicated genotypes were treated daily with the vehicle or with 1.-744,832 at 40
mg kg~ Primary tumor volume was measured daily and is plotted versus time. The MGR calculated 14 days after initiation of treatment is indicated for each group.
The right column shows the growth curves for the 1.-744,832-treated tumors on an expanded scale.

ivary tumors in the ras/p53™/" mice and 13 primary mammary

and 7 primary salivary tumors in the ras/p53™*/~ mice). In
contrast, the majority of tumors which appeared in the ras/
p53~/~ mice were salivary in origin (11 primary salivary and 6
primary mammary tumors).

During the course of treatment, tumor growth was moni-
tored by daily caliper measurements. Growth curves for all of
the primary tumors are shown in Fig. 2. Across all three p53
genotypes, tumors in the vehicle treatment group exhibited a
progressive increase in size. Consistent with previously pub-
lished data (22), tumors of the ras/p53~'~ genotype grew more
rapidly than those arising in the ras/p53™/" mice. The change
in tumor volume can be normalized over the period of treat-
ment to yield an MGR expressed in cubic millimeters per day.
Thus, the MGR calculated 14 days after the initiation of treat-
ment for tumors of the ras/p53*'" genotype from mice treated
with the vehicle was 11.8 mm?>/day, which is statistically signif-
icantly different (P = 0.03) from that of tumors in mice with
the ras/p53~'~ genotype similarly treated with the vehicle (26.3
mm?/day) (Table 3). Tumors in mice with the ras/p53™'~ ge-
notype exhibited an MGR of 33.3 mm?/day, similar to that of
the tumors of ras/p53~/~ mice. This result is consistent with

our previous observation that salivary tumors from ras/p53™/~
mice commonly exhibit some degree of loss of the normal p53
allele (22).

In contrast to the tumor progression observed in animals in
the vehicle group, tumors of mice in the L-744,832 treatment
groups exhibited a rapid decrease in size, regardless of the p53
genotype (Fig. 2). This tumor regression is reflected by the
negative MGR of tumors in L-744,832-treated mice with each
of the genotypes (Table 3). Thus, the MGRs of tumors in mice
with the ras/p53™/*, ras/p53"/~, and ras/p53~/~ genotypes
were —7.7, —9.9, and —12.3 mm?/day, respectively. All of these
MGRs are highly significantly different from those of vehicle-
treated control mice with the corresponding genotypes (Table
3). The primary tumor from one animal with the ras/p53™*/~
genotype failed to respond to treatment with 1.-744,832, exhib-
iting an initial slow decrease in size, followed by a rapid in-
crease in size (Fig. 2). The reason for the lack of response of
this tumor is unknown. Nevertheless, these data suggest that
the tumor growth response to the FTT L-744,832 is indepen-
dent of p53 functional status. This result is particularly encour-
aging given the high rate of p53 mutation in human tumors.

Consistent with the observed tumor regression was the find-
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TABLE 3. Effect of L-744,832 on the growth of
tumors in transgenic mice

Mouse genotype No. of MGR *= SEM

and compound® animals (mm?/day)® P valuet

ras/p53™'*

Vehicle 9 11.8 £5.6

L-744,832 7 -77=*1.1 <0.005
ras/p53*'~

Vehicle 7 333 +64

L-744,832 8 -99=*23 <0.001
ras/p53~'~

Vehicle 8 263 +49

L-744,832 8 —-123*1.9 <0.001
ras/myc

Vehicle 7 43.6 = 12.7

L-744,832 9 —-102£5.0 <0.005
c-neu

Vehicle 14 256 54

L-744,832 13 155+ 42 >0.05

“ Mice were treated with daily subcutaneous doses of the vehicle or of L-
744,832 at 40 mg kg~ '.

® MGRs of the primary tumor (ras/p53 mice) or all tumors (ras/myc and c-neu
mice) 14 days following the initiation of treatment are shown. Values are aver-
ages of MGRs for all animals in a treatment group.

< The two-sided Student ¢ test was used for comparison with the mean MGR
of the vehicle control, except for the ras/p53*/* mice, for which the Wilcoxon
rank-sum test was used. The biweight estimate (40) of 6.2 + 0.7 mm?/day is a
more robust estimate of the average growth rate of the ras/p53™/" vehicle group
than is the MGR.

ing that p53-deficient tumors were still capable of undergoing
apoptosis in response to 1-744,832 (Table 1). However, the
induction of apoptosis in ras/p53~/~ tumors was somewhat
attenuated compared to that in ras/p53*/* tumors (8-fold ver-
sus 16-fold, respectively; P = 0.07), suggesting that both p53-
dependent and p53-independent apoptotic pathways may be
activated in response to the FTL

As previously demonstrated (22), MMTV-v-Ha-ras tumors
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deficient in p53 possess an elevated proliferation rate relative
to ras/p53™/* tumors, as evidenced by a decrease in the pro-
portion of cells in G, and a corresponding increase in the
S-phase value (Table 2). Surprisingly, in tumors deficient in
p53, L-744,832 restored the higher G,-phase and lower S-
phase values seen in ras/p53™/" tumors (Table 2), suggesting
that even in the absence of an intact G,/S checkpoint, inhibi-
tion of Ras function can reduce tumor cell proliferation. Thus,
L-744,832 both induces apoptosis and slows cell cycle transit in
pS53-deficient MMTV-v-Ha-ras tumors, consistent with the ef-
ficient reduction in tumor volume seen following treatment in
this model.

Response of MMTV-v-Ha-ras/MMTV-c-myc tumors to L-
744,832. Since tumor regression in response to L-744,832 ap-
peared to be mediated primarily by elevated apoptosis in the
MMTV-v-Ha-ras mice, it was of interest to determine whether
the presence of additional genetic alterations that result in
elevated levels of spontaneous tumor cell apoptosis would im-
pair the ability of tumors to respond to L-744,832. Tumors
arising in double-transgenic mice possessing both an MMTV-
v-Ha-ras and an MMTV-c-myc transgene exhibit comparable
growth rates to MMTV-v-Ha-ras tumors (21). However, the
dynamics of tumor growth are markedly different in that the
ras/myc tumors have much higher levels of spontaneous apo-
ptosis but also higher S-phase fractions. Therefore, to deter-
mine whether tumors whose growth properties are influenced
by c-myc overexpression, as well as ras activation, would re-
spond as dramatically to [-744,832 as the MMTV-v-Ha-ras
tumors, MMTV-v-Ha-ras and MMTV—c-myc mice were inter-
bred. Progeny that were positive for both transgenes were
randomized to either a vehicle-treated group or a treatment
group receiving L-744,832 at 40 mg kg~ '/day when palpable
tumors were detected. Tumor growth was monitored by caliper
measurements done twice weekly. At the initiation of treat-
ment, numerous mammary tumors were present in the major-
ity of these mice. Therefore, the total volume of all of the
tumors in an animal was recorded. As shown in Fig. 3A, tumors
in all seven animals in the vehicle-treated group increased in
size over the course of the treatment period. In contrast, tu-
mors in eight of nine animals in the L-744,832 treatment group
exhibited regression 14 days following the initiation of treat-
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FIG. 3. Tumor growth curves for ras/myc mice. Mice were treated daily with the vehicle or with L-744,832 at 40 mg kg~ '. Total tumor volume was measured twice
weekly and is plotted versus time. The MGR calculated 14 days after initiation of treatment is indicated for each group.
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ment (Fig. 3B). The MGRs of tumors in the vehicle and L-
744,832 groups (43.6 and —10.2 mm?/day, respectively) were
significantly different (P < 0.005) (Table 3). However, despite
the initial dramatic tumor shrinkage, the response of ras/myc
tumors proved to be less durable than that of tumors in
MMTV-v-Ha-ras mice, since beyond the 14-day evaluation
point, the total volume of tumors in ras/myc animals treated
with 1-744,832 increased.

We have previously found that levels of spontaneous apo-
ptosis in ras/myc tumors are greater than 10-fold higher than
the levels seen in MMTV-v-Ha-ras tumors (21). It was there-
fore of interest to determine whether 1.-744,832 further ele-
vated apoptosis levels in the ras/myc tumors, in light of the fact
that these tumors did shrink dramatically following 1.-744,832
treatment. However, only a modest increase in apoptotic
levels was observed in these mice (Table 1), suggesting that
L-744,832 promoted tumor reduction by both apoptotic and
nonapoptotic mechanisms in these transgenic mice. The effect
of L-744,832 on cell cycle distribution in the ras/myc tumors
was therefore assessed as for the other tumor models. As
previously reported (21), ras/myc tumors had substantially
lower G,-phase and higher S-phase values than MMTV-v-Ha-
ras tumors (Table 2), consistent with the known ability of c-myc
to induce entry into S phase. As in the ras/p53~/~ tumors,
L-744,832 reduced the percentage of cells in S phase while
increasing the G, cell fraction in ras/myc tumors. Coupled with
the very modest elevation of an already high apoptotic activity,
this decrease in proliferation rate resulted in the tumor size
reduction shown in Fig. 3.

MMTV—c-neu mammary tumors fail to respond to L-744,832.
It is notable that 1.-744,832 does not cause significant tumor
regression in all transgenic mammary tumor models harboring
an MMTYV promoter-enhancer-regulated transgene. The c-neu
gene is the rat homolog of the human gene for ErbB2. ErbB2
is highly homologous to the epidermal growth factor receptor
and is thought to signal in part through the Ras pathway.
Virtually all of the mammary tissue in female mice bearing the
MMTV—c-neu transgene becomes malignant when the mice
are approximately 6 months of age (41). Treatment of these
tumor-bearing mice with L-744,832 at 40 mg kg~ '/day did not
have a significant effect on tumor growth. The MGRs (calcu-
lated 14 days after the initiation of treatment) of tumors from
vehicle- and L-744,832-treated mice were 25.6 and 15.5 mm?/
day, respectively (P > 0.05) (Table 3).

DISCUSSION

We have demonstrated that L-744,832, a potent and selec-
tive inhibitor of the enzyme FPTase (31), leads to the rapid
regression of mammary and salivary tumors in MMTV-v-Ha-
ras transgenic mice by inducing high levels of apoptosis. The
induction of apoptosis in this setting is of particular signifi-
cance, since a variety of studies have demonstrated that ras
activation correlates with cellular resistance to apoptosis (1, 4,
35, 44). In fact, the MMTV-v-Ha-ras tumors exhibit only mod-
est growth inhibition and a slight increase in apoptosis in re-
sponse to doxorubicin, a DNA-damaging agent that efficiently
induces apoptosis in a variety of cell types (56).

Apoptotic cell death in response to many commonly used
cytotoxic agents has been shown to be p53 dependent (37, 38,
53), and thus the p53 status of human tumors is of considerable
clinical relevance. In general, DNA-damaging agents induce
p53-dependent apoptosis, while non-DNA-damaging agents
often function in a p53-independent manner (53), although
there are multiple exceptions to this generalization (39, 43, 50).
To determine whether p53 mediates the apoptotic response of
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ras tumors to L-744,832, MMTV-v-Ha-ras mice were interbred
with p53-deficient mice. Tumors arising in ras/p53~/~ mice
were found to regress at least as efficiently as ras/p53*/* mouse
tumors, indicating that the response is largely p53 indepen-
dent. However, the induction of apoptosis was somewhat re-
duced in the p53-deficient mice, suggesting that there is some
p53 dependence to the apoptotic response. This in vivo result
is consistent with experiments with cultured cells which dem-
onstrate that an FTI can induce p53-independent apoptosis in
v-Ha-ras-transformed rodent fibroblasts when the cells are
grown in an anchorage-independent manner (34).

If tumor response to L-744,832 is mediated primarily through
the induction of apoptosis, one might predict that tumors with
high spontaneous apoptosis levels would be less responsive to
this agent. Overexpression of the c-myc proto-oncogene is as-
sociated both with increased proliferation, as well as increased
susceptibility to apoptosis (1, 11), and we have previously dem-
onstrated that tumors from MMTV-v-Ha-ras/MMTV—c-myc
double transgenic mice exhibit markedly elevated levels of
spontaneous apoptosis, compared to MMTV-v-Ha-ras mouse
tumors (21). Here we show that ras/myc tumors also responded
efficiently to L-744,832, although only a slight elevation in
apoptosis was observed. Instead, 1.-744,832 appeared to induce
regression in these tumors primarily through suppression of
cell cycle transit.

These findings suggest that the effect of Ras inhibition on
tumor response is affected by the presence of genetic alter-
ations that abrogate growth control at the G,/S boundary. In
tumors with an intact G, checkpoint, inhibition of Ras relieves
the suppression of apoptosis. However, in the presence of
genetic alterations that impair the G, checkpoint and therefore
enhance Ras’ proliferative signals, such as pS53 loss or c-myc
overexpression, Ras inhibition by L-744,832 results in suppres-
sion of cell cycle transit. Interestingly, the mechanism of tumor
response in the ras/p53~/~ tumors was mediated by both an
increase in apoptosis and a decrease in the tumor cell S-phase
fraction.

While inhibition of farnesylation, and therefore function, of
the Ras oncoprotein provided the initial focus for the devel-
opment of FTIs, recent studies have suggested that Ras is not
the only mediator of the biological effect of these compounds
(45, 48). Many proteins have been identified as substrates of
FPTase (15). Indeed, incorporation of mevalonate, a precursor
in the isoprenoid biosynthetic pathway, was inhibited for ap-
proximately 20 proteins following treatment of cultured cells
with an FTI (26). Furthermore, recent evidence suggests that
the farnesylated protein RhoB, a member of the Rho family of
proteins that regulate the actin cytoskeleton, may mediate the
suppression of the transformed phenotype upon treatment
with FTIs (33). Thus, inhibition of farnesylation of proteins in
addition to Ras may also contribute to the change in the level
of tumor apoptosis and cell cycle parameters observed follow-
ing treatment with L-744,832.

It is unlikely that this effect of 1.-744,832 is due to nonspe-
cific toxicity, since regression was not observed in tumors har-
boring a c-neu transgene controlled by the same promoter-
enhancer sequences used in the ras and myc transgenes.
Similarly, we failed to see regression of ocular melanomas
arising in transgenic mice expressing the simian virus 40 T
antigen under the control of the tyrosinase promoter (Tyr-Tag)
following treatment with 1.-744,832 (data not shown). These
results suggest that the ability of tumors to regress following
treatment with L-744,832 is dependent upon the presence of
an activated Ha-ras oncogene. The possibility that the tumors
in the c-neu and Tyr-Tag mice harbor activated N- or K-ras
genes cannot be ruled out. It has been shown that higher
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concentrations of an FTT are required to inhibit the anchorage-
independent growth of human tumor cells harboring a mutant
N- or K-ras gene than that of lines harboring a mutant H-ras
gene (42). Alternatively, it is possible that Ras-mediated signal
transduction pathways are simply not critical in either of these
tumor types. It will therefore be important to test this class of
agents in animal models in which tumor development is known
to be dependent upon Ras signaling but in which the H-ras
gene is not mutated.

Human cancers develop as a result of the progressive accu-
mulation of genetic alterations in genes whose protein prod-
ucts play critical roles in cell proliferation (29, 52). Here we
demonstrate that 1.-744,832 is effective in transgenic mouse
tumors harboring multiple defined genetic alterations. This
result is consistent with previous demonstrations of efficacy of
FTIs in cell culture against human tumor cell lines which are
known to contain multiple defined genetic alterations, includ-
ing cell lines containing an activated ras gene and a mutated
p53-encoding gene (42, 48). Indeed, the relatively long latency
period and the stochastic manner in which tumors arise in the
MMTV-v-Ha-ras oncomouse model suggest that these tumors
harbor multiple genetic alterations (49), although the nature of
the additional genetic changes is not known. Together, these
data suggest that the FTIs might have broad clinical utility
against human tumors. It is particularly encouraging that L-
744,832 induces regression in tumors lacking functional p53,
since mutation of p53 occurs with high frequency in human
tumors and has been associated with resistance to the induc-
tion of apoptosis by a variety of forms of treatment, including
chemotherapy and irradiation. Additionally, our data on the
mechanism of action of L-744,832 suggest that an FTT used in
combination with other classes of chemotherapeutics might
offer additive or perhaps synergistic antitumor activity. None-
theless, determination of the ultimate utility of FTIs against
human cancers must await validation in clinical trials.
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